Purpose To investigate the roles of the constitutive androstane receptor (CAR) in cyclophosphamide (CPA)-and ifosfamide (IFO)-mediated induction of hepatic drug-metabolizing enzymes (DME). Methods Induction of DMEs was evaluated using real-time RT-PCR and Western blotting analysis in human primary hepatocyte (HPH) cultures. Activation of CAR, pregnane X receptor (PXR), and aryl hydrocarbon receptor by CPA and IFO was assessed in cell-based reporter assays in HepG2 cells and/or nuclear translocation assays in HPHs. Results CYP2B6 reporter activity was significantly enhanced by CPA and IFO in HepG2 cells co-transfected with CYP2B6 reporter plasmid and a chemical-responsive human CAR variant (CAR1 + A) construct. Real-time RT-PCR and Western blotting analysis in HPHs showed that both CPA and IFO induced the expressions of CYP2B6 and CYP3A4. Notably, treatment of HPHs with CPA but not IFO resulted in significant nuclear accumulation of CAR, which represents the initial step of CAR activation. Further studies in HPHs demonstrated that selective inhibition of PXR by sulforaphane preferentially repressed IFO-over CPA-mediated induction of CYP2B6. Conclusion These results provide novel insights into the differential roles of CAR in the regulation of CPA-and IFOinduced DME expression and potential drug-drug interactions.
. CPA has also been used at higher doses in the treatment of aplastic anemia and leukemia prior to bone marrow transplantation and as a therapeutic immmnunosuppressor for several autoimmune disorders (3, 4) . IFO was reported to exhibit higher efficacy against a number of malignant diseases in comparison with the CPA treatment (5) . In clinical application, these oxazaphosphorines are frequently used in combination with other drugs and supportive therapies, aiming to produce synergistic or additive therapeutic benefits. Conversely, such combined regimens may also increase the potential for unintentional drug-drug interactions.
CPA and IFO are alkylating prodrugs requiring hepatic biotransformation mediated by cytochrome P450 (CYP) pathways through which 4-hydroxylation of both oxazaphosphorines leads to the formation of active alkylating moieties, while N-dechloroethylation yields neurotoxic metabolites (6, 7) . To date, accumulating evidence suggests that many drug-metabolizing enzymes (DMEs) are involved in the metabolism of CPA and IFO in the liver (8, 9) . Among these DMEs, CYP2B6 has been demonstrated to play a major role in the bioactivation of CPA and accounts for approximately 45% of 4-hydroxycyclophosphamide (4OH-CPA) generation, which ultimately produces the DNA-alkylating phosphoramide mustard leading to therapeutic cytotoxicity ( Fig. 1) (10) . On the other hand, CYP3A4 only moderately contributes to 4-hydroxylation of CPA but exclusively mediates N-dechloroethylation of CPA yielding neurotoxic byproduct (6, 10) . In the case of IFO, CYP2B6 and CYP3A4 are believed to be the predominant isozymes responsible for both its 4-hydroxyal activation and N-dechloroethylated inactivation (11) .
Given that hepatic CYP2B6 and CYP3A4 are highly inducible by a broad array of clinically used drugs and both CPA and IFO are often used in combination with other therapeutic agents, a dramatic interpatient variability has been observed in the pharmacokinetics of CPA and IFO in clinical investigations (12) (13) (14) . Interestingly, an autoinductive effect that increases their own metabolism and clearance has also been reported for CPA and IFO in human primary hepatocytes (HPH) and in rat liver in vivo, by which the mRNA and protein levels of relevant CYP2B and CYP3A were up-regulated (14) (15) (16) (17) . However, the molecular mechanisms underlying the autoinduction were not fully elucidated. Initial investigations suggested that activation of xenobiotic receptor pregnane X receptor (PXR) plays a critical role in the inductive effects of these oxazaphosphorines on CYP2B6 and CYP3A4 (18, 19) . However, a previous study demonstrated that CPA induces the expression of CYP2B6 to a significantly greater extent than that of CYP3A4 in HPHs (19) . Since PXR was regarded as the primary regulator of CYP3A4 induction, the preferential induction of CYP2B6 by CPA may not be explained entirely by the PXR-mediated pathway. Notably, the sister xenobiotic sensor of PXR, constitutive androstane receptor (CAR), has been established as a compensatory transcription factor of PXR and shares a number of overlapping and distinct target genes as well as many chemical activators (20, 21) . Given the close association of PXR/CAR and CYP3A4/CYP2B6 that dictates the biotransformation of CPA and IFO, it is important to explore the role of CAR in the inductive activity of these oxazaphosphorines.
In the current study, we investigated the hypothesis that human (h) CAR plays a role in CPA-and IFO-induced expression of several DMEs and contributes significantly to the CPA-mediated induction of CYP2B6. Cell-based transfection reporter assays in HepG2 cells were employed to assess the role of CPA and IFO in the activation of CAR, PXR and aryl hydrocarbon receptor (AhR). The expression of CYP2B6, CYP3A4, CYP1A2 and UGT1A1 was evaluated in HPHs. Additionally, activation-associated hCAR nuclear translocation was characterized in HPHs infected with adenovirus expressing enhanced yellow fluorescent protein-tagged hCAR (Ad/EYFP-hCAR). Our results indicate that both CPA and IFO significantly induced their major metabolizing enzymes CYP2B6 and CYP3A4. Importantly, although PXR may contribute equally to the metabolic inducibility of CPA and IFO, CAR appears to play an important and preferential role in CPA-over IFO-mediated CYP induction. 
MATERIALS AND METHODS

Chemicals and Biological Reagents
Plasmid Constructs
The pCR3-hCAR expression vector and the UGT1A1-gtPBREM containing a 290 base pairs (bp) sequence from UGT1A1 promoter (−3483-3194) were kindly provided by Dr. Masahiko Negishi (National Institute of Environmental Health Sciences, National Institutes of Health, Research Triangle Park, NC). The pSG5-hPXR expression vector was obtained from Dr. Steve Kliewer (University of Texas Southwestern Medical Center, Dallas, TX). The pCR3-hCAR1 + A expression vector and the CYP2B6 reporter construct containing both the PBREM and the distal XREM (CYP2B6-2.2 kb), were generated as described previously (22, 23) . The CYP3A4-PXRE/XREM reporter vector was obtained from Dr. Bryan Goodwin (GlaxoSmithKline, Research Triangle Park, NC). The pRL-TK Renilla luciferase plasmid used to normalize firefly luciferase activities was from Promega.
Culture and Treatment of Human Primary Hepatocytes
Human liver tissues were obtained following surgical resection by qualified pathology staff after diagnostic criteria were met and prior approval from the Institutional Review Board at the University of Maryland at Baltimore. Hepatocytes were isolated from human liver specimens by a modification of the two-step collagenase digestion method as described previously (24), or obtained from Life Technologies Corporation (Durham, NC). Cultures of hepatocytes were maintained in 6-well or 12-well BioCoat plates as described previously (25) . Thirty-six hours (hr) after seeding, hepatocytes were treated with vehicle control (0.1% DMSO), RIF (10 μM), CITCO (1 μM), 3MC (5 μM), or CPA and IFO (500 and 1000 μM) for another 24 or 72 h for the detection of mRNA and protein, respectively. Cell culture medium was replaced on a daily basis.
Real-Time PCR Analysis
Total RNA was isolated from treated hepatocytes using the RNeasy Mini Kit (Qiagen, Valencia, CA) and reverse transcribed using High Capacity cDNA Archive kit (Applied Biosystems, Foster, CA) following the manufacturers' instructions. Messenger RNA expression of CYP2B6, CYP3A4, UGT1A1 and CYP1A2 was normalized against that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). RT-PCR assays were performed in 96-well optical plates on an ABI Prism 7000 Sequence Detection System with SYBR Green PCR Master Mix (Applied Biosystems). Primers for CYP2B6, CYP3A4, UGT1A1, CYP1A2, and GAPDH mRNA detection are as follows: CYP2B6: 5′-AGACGCCTTCAATCCTGACC-3′ (forward), 5′-CCTTCACCAAGACAAATC-CGC-3′ (reverse); CYP3A4: 5′-GTGGGGCTTTTAT GATGGTCA-3′ (forward), 5′-GCCTCAGATTTCT CACCAACACA-3′ (rev e r s e ) ; U G T 1 A 1 :
reverse); and GAPDH: 5′-CCCATCAC-CATCTTCCAGGAG-3′ (forward), 5′-GTTGTCATGGAT-GACCTTGGC-3′ (reverse). Fold induction values were calculated according to the equation: fold=2
ΔΔCt , where ΔCt represents the differences in cycle threshold numbers between the target gene and GAPDH, and ΔΔCt represents the relative change in these differences between control and treatment groups.
Western Blot Analyses
Homogenate proteins (20 μg each) from treated HPHs were resolved on SDS-polyacrylamide gels and electrophoretically transferred onto Immobilon-P polyvinylidene difluoride membranes. Subsequently, membranes were incubated with specific antibodies against CYP2B6 or CYP3A4 (Millipore-Chemicon, Temecula, CA) diluted 1:4000 and 1:5000, respectively. β-actin (Sigma-Aldrich) was used for normalization of protein loading. After incubating with horseradish peroxidase goat anti-rabbit IgG antibody diluted 1:4000, membranes were developed using ECL Western blotting detection reagent (GE Healthcare, Piscataway, NJ). The relative quantity of CYP2B6 or CYP3A4 protein was estimated by densitometry analysis using Adobe Photoshop (CD3 Extended, V.10.0.1)
Cellular Distribution of CAR in HPHs
The Ad/EYFP-hCAR was generated as described previously (25) . Human hepatocyte cultures in 24-well BioCoat plates were infected with 5 μl of Ad/EYFP-hCAR for 12 h before treatment with the vehicle control (0.1% DMSO), PB (1 mM), CPA (500 μM) or IFO (500 μM) for another 24 h. After being fixed for 30 min in 4% buffered paraformaldehyde, cells were stained with 4,6-diamidine-2-phenylindole dihydrochloride (DAPI) for 30 min. Stained hepatocytes were subjected to microscopic detection as described previously (25) . The subcellular localization of hCAR was visualized and quantitatively characterized as nuclear, cytosolic, or mixed (nuclear + cytosolic) expressions by counting 100 Ad/EYFP-hCAR-expressing hepatocytes per treatment group.
Luciferase Reporter Assays in HepG2 Cells
HepG2 cells in 24-well plates were transfected with hPXR, hCAR1 or hCAR1 + A expression vector, in the presence of CYP2B6-2.2 kb or CYP3A4-PXRE/XREM reporter construct, or transfected with UGT1A1-gtPBREM reporter in the absence of exogenous nuclear receptors using Fugene 6 Transfection Kit following the manufacturer's instruction. Twenty-four hr after transfection, cells were treated for another 24 h with vehicle control (0.1% DMSO), RIF (10 μM), CITCO (1 μM), PB (1 mM), PK11195 (10 μM), 3MC (5 μM), or CPA and IFO (500 and 1000 μM), or cotreated with PK11195 plus CPA or IFO at concentrations as indicated in figures. Cell lysates were assayed for firefly activities normalized against the activities of cotransfected Renilla luciferase using Dual-Luciferase Kit (Promega). Data were represented as mean ± S.D. of three individual transfections.
Statistical Analysis
All data represent at least three independent experiments and are expressed as the mean ± S.D. Statistical comparisons were made using one-way analysis of variance followed by a post hoc Dunnett's test or Student's t test where appropriate. The statistical significance was set at p values < 0.05 (*), or < 0.01 (**).
RESULTS
Effects of CPA and IFO on the Expression of DMEs in HPHs
HPHs are well accepted as an appropriate in vitro model mimicking human liver for drug metabolism and preclinical induction studies (26) . In the current investigation, we evaluated the effects of CPA and IFO on the expression of several DMEs in HPH cultures using RT-PCR and Western Blotting assays. As demonstrated in Fig. 2 , the mRNA and protein expressions of CYP2B6 and CYP3A4 were significantly induced by CPA and IFO at concentrations bracketing their pharmacologically relevant levels (19, 27) , and there was no identifiable cytotoxicity observed throughout the experiments. Notably, CYP2B6 expression was induced to a greater extent by both CPA and IFO treatment than that of CYP3A4, in particular, at the mRNA level. In HPH preparation from donor HL-19, the maximal induction of CYP2B6 mRNA by CPA and IFO challenges the induction by positive controls (RIF and CITCO). In parallel experiments, we further investigated the role of CPA and IFO in the induction of UGT1A1 and CYP1A2, which are also involved in the metabolism of a broad spectrum of drugs and environmental compounds. Results showed that CPA and IFO treatment of HPHs resulted in a clear induction of UGT1A1 mRNA expression, while exhibiting no effects on the regulation of CYP1A2 expression (Fig. 3a, b) . These results indicate that CPA and IFO may enhance the were treated with CITCO (1 μM), RIF (10 μM) or CPA and IFO at indicated concentrations for 24 h (mRNA) and 72 h (protein), respectively. The expression of mRNA for CYP2B6 (a, c) and CYP3A4 (b, d) was analyzed using RT-PCR; related protein expression was detected using immunoblotting analysis as outlined in "Materials and Methods." RT-PCR data are expressed as mean ± SD (n=3). **: p<0.01. Densitometry of CYP2B6 and CYP3A4 proteins was normalized against β-actin expression. expression of CYP2B6, CYP3A4, and UGT1A1 through shared transcriptional regulatory machineries that are distinct from the induction of CYP1A2.
CPA and IFO Activate Human PXR but Not AhR
It has been well established that drug-induced expression of UGT1A1 is primarily regulated at the transcriptional level by three xenobiotic receptors, PXR, CAR and AhR, while CYP1A2 is predominantly transactivated by AhR (Fig. 3c) (28-30) . To illustrate mechanisms pertaining to the differential induction of UGT1A1 and CYP1A2 by CPA and IFO, we tested the role of these oxazaphosphorines in the activation of PXR and AhR in HepG2 cell-based reporter assays. In agreement with previous reports, CPA and IFO significantly enhanced PXRmediated transactivation of CYP3A4 luciferase activity (Fig. 3d) (18, 19) . In determining the contribution of AhR in CPA-and IFO-mediated UGT1A1 induction, HepG2 cells, which express endogenous AhR abundantly (31), were transfected with UGT1A1-gtPBREM reporter construct alone. As expected, 3MC, a prototypical AhR activator, remarkably transactivated UGT1A1 luciferase activity, while neither CPA nor IFO activated AhR (Fig. 3e) , indicating the CPA-and IFO-mediated induction of UGT1A1 is AhR-independent.
Differential Activation of Human CAR by CPA and IFO
Since CYP2B6 and CYP3A4 are typical target genes for both CAR and PXR, and CPA-and IFO-mediated induction of UGT1A1 is AhR-independent, we speculated that PXR and CAR play pivotal roles in the overall metabolic elevation by these oxazaphosphorines. In particular, the role of CAR in the metabolic inducibility of CPA and IFO remains unexplored, due partly to its high basal activity and lack of response to chemical stimulation in immortalized cell lines (Fig. 4a) (20) . Utilizing a recently established chemical-responsive hCAR variant with an alanine insertion at 271 (hCAR1 + A) (23), our reporter assays revealed that CPA and IFO can enhance CYP2B6 luciferase activity through activation of CAR in a concentration-related manner, and CPA appears to be a stronger CAR activator than IFO (Fig. 4b) . Additional luciferase reporter experiments demonstrated that PK11195 (a potent hCAR antagonist-deactivated CAR activity (80% of the constitutive control) could be efficiently reactivated by the direct hCAR activator CITCO but not by the indirect activator PB (Fig. 4c) . CPA and IFO failed to reactivate PK11195-repressed hCAR activity in this assay, suggesting these oxazaphosphorines may activate hCAR through PB-type indirect mechanism.
Different from the constitutive activation in immortalized cell lines, CAR is primarily localized in the cytoplasm of HPHs prior to activation, and nuclear accumulation occurs only after treatment with CAR modulators (32) . To further examine the capability of CPA and IFO in hCAR activation, a hCAR nuclear translocation experiment was carried out in cultured HPHs infected with the Ad/EYFPhCAR, which has demonstrated exceptional efficiency in infecting HPH (25) . As expected, in the virus-infected HPHs, the EYFP-hCAR was primarily expressed in the cytoplasm (94%) without activation (vehicle control) and accumulated in nucleus (83%) upon PB treatment (Fig. 4d) . Intriguingly, treatment with CPA at 500 μM resulted in remarkable EYFP-hCAR nuclear translocation (63%), while IFO at the same concentration only led a moderate nuclear accumulation of CAR (20%) (Fig. 4d) . In agreement with aforementioned reporter assays, these results suggest that CPA is a stronger hCAR activator in comparison to IFO, and IFO may exert its inductive activity primarily through the activation of PXR.
Effects of Selective Inhibition of PXR on the Induction of CYP2B6 by CPA and IFO
Through mechanistic cross-talking, PXR and CAR share a large number of target genes as well as many xenobiotic activators (20) . To further explore the contribution of CAR in CPA and IFO induction of DME, a cotreatment experiment was carried out in HPHs using sulforaphane (SFN) as a selective inhibitor of hPXR (33) . As expected, concomitant treatment of SFN and the selective hPXR activator RIF completely abolished RIF-mediated induction of CYP2B6, while CITCO-mediated CYP2B6 induction was only moderately repressed by SFN (Fig. 5) (33,34) . Notably, although CPA-mediated induction of CYP2B6 in HPHs was suppressed moderately by the cotreatment of SFN, the induction by IFO was dramatically decreased (Fig. 5) . Taken together, these findings corroborate the differential contribution of CAR in CPA-and IFOmediated induction of CYP2B6.
DISCUSSION
Although CPA and IFO have long been used as anti-cancer alkylating agents in clinical practice with their pharmacology, metabolism and pharmacokinetic/pharmacodynamic profiles well elucidated, there have been rising concerns regarding drug-drug interactions, and autoinduction along with the increase of combinatory therapeutic strategies involving these drugs (35) . Accumulating evidence thus far, revealed that hepatic metabolism of CPA and IFO is autoinducible and repeated administration of CPA and IFO was associated with elevated 4-hydroxylation of the oxazaphosphorines and expression of several CYP enzymes (15, 27) . However, the molecular mechanisms behind the induction are not fully understood. In this report, we demonstrated that in addition to the promiscuous xenobiotic receptor PXR, CAR plays an important role in the enzymatic autoinduction of these oxazaphosphorines. More importantly, although PXR appears to be equally involved in the inductive activity of CPA and IFO, CAR functions as a preferential mediator of CPA-rather than IFO-mediated induction of hepatic DMEs. This evidence suggests that coadministration of drugs that selectively disturb the expression and function of CAR may differentially affect the autoinduction and drug-drug interactions of CPA rather than IFO.
In order to accommodate their own metabolism and clearance, xenobiotics including drugs and environmental chemicals can alter the expression of DMEs and transporters through the transactivation of a group of xenobiotic receptors. Previously, PXR was reported as the mediator of CPA and IFO autoinduction by transcriptional upregulation of CYP2B6 and CYP3A4 (18, 19) . Both CPA and IFO increased PXR activity in luciferase reporter assays at the concentrations that significantly induced CYP2B6 and CYP3A4 expression in HPH cultures (18, 19) . Interestingly, we showed that CPA and IFO treatment resulted in a greater increase in CYP2B6 mRNA than that of CYP3A4, which is in agreement with data from a previous report (19) . Given that CYP2B6 is a favorable target gene of CAR over PXR and potent induction of CYP2B6 by CPA and IFO was observed, activation of PXR alone by these oxazaphosphorines may not be able to sufficiently accommodate the extent of DME induction in hepatocytes. Accordingly, it is conceivable that CAR, the closest relative of PXR, may mediate a compensatory role in CPA-and IFO-associated induction. However, unlike that of PXR, investigation of CAR activation in vitro has been hindered by several specific features of this receptor, including that 1) CAR is constitutively activated and spontaneously nuclear localized in immortalized cell lines and 2) it can be activated by both direct ligand binding and indirect ligandindependent mechanisms (32, 36) . Recently, we have generated a chimerical construct, namely hCAR1 + A, with an alanine insertion at 271, which converts the constitutive widetype hCAR into a chemically responsive xenobiotic sensor (23) . In cell-based reporter assays utilizing this chimerical vector, our results revealed that CPA and IFO dosedependently enhanced CYP2B6 luciferase expression through the activation of hCAR1 + A. Given that over 90% of known hCAR activators positively respond to this chimerical construct (23) , this initial experiment supports the involvement of CAR in the inductive activity of CPA and IFO.
Alternatively, CAR exhibits significant nuclear translocation from cytoplasm of primary cultured hepatocytes in the presence of CAR activators such as PB and CITCO (25) . This initial step of CAR activation in primary hepatocytes has been successfully established as an efficient approach to identify hCAR activators in vitro (25) . Remarkably, both direct activators (e. g. CITCO, and artemicinin) and indirect activators (e. g. PB, and phenytoin) are effective in the nuclear accumulation of CAR in hepatocyte cultures (25, 32, 36) . Intriguingly, our results showed that CPA but not IFO displayed marked effects on nuclear accumulation of CAR in HPHs. Although activation of CAR is a multistep process, the lack of initial nuclear translocation of CAR by IFO suggests that IFO is less likely to be an effective activator of hCAR.
In contrast to other nuclear receptors, activation of CAR doesn't require ligand binding (indirect activation), and as a matter of fact the majority of known hCAR activators identified thus far activate CAR through PBlike indirect machinery rather than CITCO-like ligand binding (25, 32) . Recent reports from this laboratory demonstrated that in HepG2 cells, the PK11195 (a prototypical peripheral benzodiazepine receptor and potent hCAR deactivator)-repressed hCAR activity can be efficiently reactivated by direct activator CITCO but not the prototypical indirect activator PB (34) . Akin to PB, CPA was unable to reactive PK11195-inhibited CAR activity, suggesting CPA may function as a PB-type indirect CAR activator.
To date, mounting evidence suggests that CAR and PXR share their target genes through recognizing of, and binding to, xenobiotic responsive elements located in the upstream of these genes (37, 38 ). An asymmetrical crossregulation of CYP2B6 and CYP3A4 by hCAR but not hPXR has been established in that hCAR exhibits preferential induction of CYP2B6 over CYP3A4, while hPXR exerts less-selective induction of both genes (39) . In an effort to determine the relative involvement of CAR in CPA-and IFO-mediated CYP2B6 induction, experiments in HPHs revealed that SFN, a selective inhibitor of hPXR, dramatically repressed IFO-induced expression of CYP2B6 mRNA, while to a lesser extent in response to the CPAmediated induction. In concert with aforementioned luciferase reporter and nuclear translocation data, these results strongly suggest that CPA is a stronger activator of hCAR compared to IFO. 
CONCLUSION
In summary, our results from the current study indicate that although PXR indiscriminately mediates the inductive activity of both CPA and IFO, CAR exhibits marked differential roles in CPA-and IFO-associated induction of DMEs. CPA can activate both PXR and CAR; IFO appears primarily to transactivate PXR. Furthermore, CPA functions most likely through PB-type indirect mechanisms, by which it predominantly influences the nuclear translocation of CAR with no obvious effects on the nuclear localized CAR activity. It is noteworthy that due to the insufficient understanding of the mechanism(s) underlying indirect activation of CAR, particularly the lack of knowledge regarding which molecule these activators initially interact with, it is difficult to explain the differential roles on CAR activation between the structurally similar CPA and IFO. Moreover, extra caution is required in the interpretation of these in vitro discoveries due to the range of drug concentrations where a response was observed. Nevertheless, these findings may be potentially of clinical importance where drug-mediated manipulation of hCAR activity could selectively alter the autoinduction and pharmacokinetic profile of oxazaphosphorines.
